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Need of biophysical modeling
• At a given dose, ions are biologically more

effective than photons → Rationale for ion-
based innovative RTs (hadrontherapy, TAT,
BNCT).

• Because RBE depends on many factors, bio-
physical models are needed to predict it to
optimize treatments.

• Only two models: the LEM I and the modi-
fied MKM are currently in clinical use.

• Other biophysical models have been devel-
oped, including the NANodosimetry and
OXidative stress (NanOx) model.

Variation of relative biological effectiveness (RBE) with linear
energy transfer (LET) for different radiations (Byun et al. 2021).
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The NanOx model
• The NanOx model predicts the cell survival

to ionizing radiation.

• It considers:
▶ The stochastic nature of energy deposi-

tion (micrometric and nanometric scales).
▶ Sublethal damage and oxidative stress in-

duced by free radicals (e.g., •OH).

• Cell survival depends on two types of events:

▶ Local lethal events (LLE) → inactivation
of nanometric targets
(≈ irreparable DNA damage).

▶ Global events (GE)→ accumulation of
sublethal lesions and oxidative stress.

Track of a 2.6 MeV proton in water.

Probability distributions of specific energy in a nanometric
target for a 2.6 MeV proton and a 12 MeV/u carbon ion

(Alcocer-Ávila et al. 2022).
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Main NanOx parameters
• NanOx can be applied to high- and low-

energy ion irradiations.

• In both cases the predictions are based on 5
parameters:
▶ The geometry of the sensitive volume (SV)

(e.g., the radius of the cell nucleus).

▶ The quadratic coefficient βG computed
from reference radiation (photons).

▶ The 3 parameters of the effective local
lethal function (ELLF), used for calculat-
ing the survival to local lethal events.

Illustration of cell irradiation in hadrontherapy.

Effective local lethal function for the V79 cell line.
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NanOx predictions for hadrontherapy
• The main output of NanOx are the cell sur-

viving fractions as a function of dose.

Survival curves for V79, CHO-K1 and HSG cells irradiated by
carbon ions of various energies. NanOx: solid and dashed lines;

experimental data (Friedrich et al. 2021): filled symbols
(Alcocer-Ávila et al. 2022).

• A LQ fit can be applied to NanOx predic-
tions to construct tables of α and β coeffi-
cients for use in TPS.

• A study showed that NanOx predictions are
more often more accurate than the ones of
other biophysical models.

α values of HSG cells for carbon ions. Experimental data
(symbols) is compared to the predictions of several biophysical

models (lines) (Monini et al. 2019).
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Summary of recent works with NanOx

• Application to cell irradiations in a helium SOBP (Berger et al. submitted to phiRO).

• Development of the BioDoseActor in GATE for treatment planning (Ali et al. 2022; Pereda
et al. submitted to Medical Physics).

• Extension of the model to low-energy ions (Alcocer-Ávila et al. 2024).

• Analytical expression for computing the β radiobiological coefficient (Alcocer-Ávila et al. 2025).

• First application for computing tumor control probability (TCP) in targeted alpha therapy
(TAT) (Levrague et al. 2025).

• Comparison with in vitro data on TAT (Levrague et al. in preparation).

• Investigation of the impact of physical processes on biological response (Strubbia Mangiarelli
et al. in preparation).
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Studying the impact of physical processes
• Influence on biological effect of the core ionization process, using the LPCHEM Monte Carlo

code and NanOx.

➠ The results highlight the importance of accurately modeling the physical stage of radiation-
matter interactions.

• Ongoing integration of LPCHEM interaction cross sections into Geant4-DNA.

The α coefficient as a function of energy for impact of helium
ions on CHO-K1 cells (Strubbia Mangiarelli et al. in preparation).

The α coefficient as a function of energy for impact of carbon
ions on CHO-K1 cells (Strubbia Mangiarelli et al. in preparation).
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The BioDoseActor for treatment planning
• The BioDoseActor was implemented in

GATE to compute the biological dose for
clinical beams in hadrontherapy.

• Biological dose computed at the voxel scale
from tables of α and β coefficients provided
by NanOx (or other biophysical models).

• First version tested for the Hyogo Ion Beam
Medical Center 320 MeV/u C-ion beam line
(Ali et al. 2022).

• Recently applied on a PBS C-ion treatment
plan for a tumor located in the sinonasal re-
gion using the beam line at MedAustron.

Physical and biological PBS C-ion doses simulated with GATE/NanOx for a patient with a tumor in the sinonasal region. (a)
physical dose (b) biological dose (c) biological isodose curves 75% (orange), 50% (green) and 30% (blue) of prescription dose

(Pereda et al. submitted to Medical Physics).
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Cell irradiations in a helium SOBP
• Irradiation of biological samples in the ARRONAX beam line + GATE/BioDoseActor

calculations.
• Relatively good agreement between NanOx predictions and experimental measurements.

Irradiation of SQ20B cells in a helium SOBP: comparison of measured cell surviving fractions with the NanOx predictions for three
irradiation settings (Berger et al. submitted to phiRO).
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The NanOx model for low-energy ions

• NanOx was adapted for calculations
with the low-energy, short-range ions
found in TAT and BNCT.

➠ “Track-segment” approximation no
longer valid.

Need of considering:
• The energy loss of the ion in the SV.

• The change in the number of lethal
events as a function of the ion’s energy.

• The impact of cell geometry and the dis-
tribution of the therapeutic agent.

Change in ion’s kinetic energy when traversing a SV.

tN ,tkn∗ =

∫
tkEi

tkEf

tN ,tk( dn∗

dE

)

dE = φ(tkEi)−φ(
tkEf)

tk Z̃ =
η

ms

[

ψ(tkEi)− ψ(tkEf)
]
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Targeted RTs with low-energy ions

• Targeted Alpha Therapy (TAT).
• Boron Neutron Capture Therapy (BNCT): 10B(n,α)7Li.

TAT BNCT

Isotopes
223Ra, 225Ac, 212Bi,

213Bi, 211At…
10B

Ion energies (MeV) 5–9 < 2
Ion ranges (µm) 40–100 (a few cells) 5–9
LET (keV/µm) 60–100 > 150

Common difficulties in biological dose predictions:
• Need of considering dose heterogeneity at the cellular level.
• Relevant SV (nucleus, cytoplasm, membrane? …).
• Need for specific, multiscale biophysical modeling. Illustrative scheme of TAT (top) and BNCT

(bottom).
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Work on Targeted Alpha Therapy (TAT)
Coupling of Geant4 + CPOP + NanOx:
• Geant4 for performing the ion transport.

• CPOP to create multicellular geometry.

• NanOx to compute cell survival and tu-
mor control probability (TCP).

Multicellular geometry simulated in the study with the
CPOP code (Maigne et al. 2021).

TCP for 4 intracellular distributions of 211At. Results are for a 95 µm
spheroid of HSG cells and 75% compaction (Levrague et al. 2025).

➠ Intracellular distribution of the radionuclide has
an impact on TCP at low concentrations.
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TAT: A comparison with in vitro data
• NanOx predictions of cell survival were

compared with the in vitro experiment
of Neti et al. 2007.

• A 100 µm multicellular spheroid was built
with CPOP. A fraction of the cells (1%,
10%, 100%) were labeled with Po-210.

• Fair agreement with experimental data
for 100% and 10% labeling. Cell death
was underestimated for 1% labeling.

➠ Scenarios with a low percentage of la-
beled cells are difficult to reproduce.

➠ Experimental data obtained under well-
controlled conditions is critical for vali-
dating biophysical modeling.

Mean cell survival as a function of the activity per cell. The results for
a uniform distribution and lognormal distributions with different shape
factors are shown for cell labelings of 100% (top) and 10% (bottom)

(Levrague et al. in preparation).
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Current activities and next steps

Ongoing and upcoming work on targeted RTs:

• Further TAT studies will be performed to im-
prove the NanOx model and validate it with
other experimental data sets.

• The application of NanOx to BNCT is under-
way. It will consider all contributions to the
biological dose.

• Progress has been made on the inclusion of an
extranuclear SV in NanOx to consider the bi-
ological effects of irradiating specific cell com-
partments.

• The impact on predictions of realistic cell
geometries will be assessed in both TAT
and BNCT.

Future work on the model will explore:
• The response to high doses and high dose-

rates (e.g. applications in FLASH RT).

• Irradiation under hypoxia conditions.

• The indirect effects of ionizing radiation,
e.g., bystander and abscopal effects.
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Basic assumptions for hadrontherapy
• One SV: the cell nucleus.
• SV with cylindrical geometry and ion beam

parallel to the SV axis.
• Irradiation in “track-segment” conditions.

Cell geometry used in NanOx calculations for hadrontherapy
(Alcocer-Ávila et al. 2022).

• Presence in ion tracks of a “core” and a
“penumbra”.

A carbon ion track of 12 MeV/n and a zoom on its core.

Mario Alcocer Ávila Pavia, March 5, 2026 20 16



Cell survival calculation in hadrontherapy

• The average cell surviving fraction is computed as:

S(D) =

∞
∑

K=0

P (K,D) · ⟨cKS⟩cK

P (K,D): probability of K impacts at dose D;
⟨cKS⟩cK : mean survival over all configurations.

• The surviving fraction includes the contribution
of local and global lethal events, considered as
independent:

cKS =cK SLLE ×cK SGE

• NanOx has been applied for computing surviving
fractions of several cell lines (e.g. HSG, CHO-K1,
V79, SQ20B) irradiated by photons and different
ions (Monini et al. 2017).

Image of HSG cells (Kim et al. 2019).

Image of CHO-K1 cells.

https://www.phe-culturecollections.org.uk/media/55034/CHOK1_09C035_6_hours.JPG


Cell survival to local lethal events

• The modeling of LLE is based on the inacti-
vation of a single local target among N dis-
tributed uniformly in the SV.

• Local targets modeled as cylinders with di-
ameter dt = 20 nm and length Lt = 10 nm

• NanOx calculations are based on the effec-
tive number of local lethal events (EN-
LLE):

ci,ckn∗ = − ln (1− cif(ci,ckz))

cif(ci,ckz): probability that target i is inac-
tivated after an impact with configuration
ck inducing the restricted specific energy
ci,ckz in i

• The cell surviving fraction to LLE for a con-
figuration cK of radiation impacts can be ex-
pressed in terms of an effective local lethal
function (ELLF) F (z):

cKSL =

K
∏

k=1

exp (−F (ckz))

with:

F (z) = −N ln (1− f (z))



The effective local lethal function (ELLF)

• The ELLF characterizes the response of
each cell line by means of 3 free param-
eters (z0, σ, h) determined through a fit
to experimental values of α (Monini et
al. 2020).

F (z) =
h

2

[

1 + erf
(

z − z0

σ

)]

z0: threshold of the function
σ: extent of the increase
h: height of the response Effective local lethal function for the V79 cell line.



Cell survival to global events

• The computation of the cell survival to GE
uses the notion of chemical specific energy,
Z̃:

cK Z̃ = cK RCE · cKZ

cK RCE is the relative chemical effective-
ness, defined as the ratio of the chemi-
cal yield (i.e., number of reactive chemi-
cal species generated per 100 eV) of the ion,
cKG, to that of reference radiation, Gr:

cK RCE =
cKG

Gr

• These quantities are obtained from MC sim-
ulations with the LPCHEM code (Gervais et
al. 2006).

• Currently only primary •OH are considered
for cell survival calculation.

• The cell surviving fraction to GE for a config-
uration cK of radiation impacts is then:

cKSG = exp
(

−αG
cK Z̃ − βG

cK Z̃2

)

• αG and βG are determined for each cell line
from cell survival curves for reference radia-
tion.

• We currently set αG = 0 Gy−1 to perform an
independent adjustment of local and global
events.



RCE2 as a function of time for hydrogen, helium, carbon and neon ions of different energies (Alcocer-Ávila et al. 2023).



Analytical calculation of the β coefficient

• Computing the β coefficient of cell sur-
vival curves is time-consuming.

• Experimental data show a large scatter.

• Biophysical models lead to different pre-
dictions.

• An analytical expression was derived
from NanOx for energies below 25
MeV/n.

β ≈ βr (RCE)2
[

1−
α · a · LET

σ0

]2

·

(

1 +
m1

2

)

(1−m1)
2 β as a function of LET for impact of hydrogen, helium and carbon ions

on V79 cells (Alcocer-Ávila et al. 2025).
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Examples of cell geometries

A simple spherical cell model in Geant4.

Irradiation of a realistic glioblastoma cell (U87) in Geant4.



Overview of NanOx for low-energy ions

For low-energy ions, the number of LLE and GE
will vary as a function of the ion’s energy across
the SV. Main hypothesis are:

1. Narrow tracks.

2. Negligible fluctuations from one radiation
configuration to another (average over a
large number of particles of the same type
Tk and energy Ek).

• The cell survival to LLE and GE can be
computed from the effective number of lo-
cal lethal events and the concentration of pri-
mary reactive chemical species, respectively.

• The ENLLE is given by:

tN ,tkn∗ =

∫
tkEi

tkEf

tN ,tk( dn∗
dE

)

dE

where tkEi , tkEf denote the energy of the
ion at the beginning and end of the track in
the SV.

• Similarly, for GE the concentration of primary
reactive chemical species is expressed as:

tkY =
1

ms

∫
tkEi

tkEf

tkG(E)dE

with ms the mass of the SV.



Consistency and relevance at low energies

• A recent study showed that NanOx of-
fers a consistent framework for all ion-
based RTs.

• The NanOx versions for hadrontherapy
and low-energy ions were compared and
agreed for E ≳ 1 MeV/n.

• For E ≲ 1 MeV/n, the low-energy ver-
sion showed an effect on the investi-
gated biogical output (i.e. cell inacti-
vation cross section).

• The influence of target geometry also
became noticeable at low energies.

Inactivation cross section as a function of the initial kinetic energy of
α-particles (Alcocer-Ávila et al. 2024).

Mario Alcocer Ávila Pavia, March 5, 2026 29 16


	Need of biophysical models in innovative RTs
	The NANodosimetry and OXidative stress (NanOx) model
	NanOx for hadrontherapy
	NanOx for low-energy ion irradiations
	Summary of ongoing activities and next steps
	Appendix
	References


